Griffiths-like phase close to the Mott transition by Mello, Isys F. et al.
Griffiths-like phase close to the Mott transition
Isys F. Mello,1 Lucas Squillante,1 Gabriel O. Gomes,2 Antonio C. Seridonio,3 and Mariano de Souza1, a)
1)São Paulo State University (Unesp), IGCE - Physics Department, Rio Claro - SP, Brazil
2)University of São Paulo, Department of Astronomy, São Paulo, Brazil
3)São Paulo State University (Unesp), Department of Physics and Chemistry, Ilha Solteira - SP,
Brazil
(Dated: 18 June 2020)
We explore the coexistence region in the vicinity of the Mott critical end point employing a compressible cell spin-
1/2 Ising-like model. We analyze the case for the spin-liquid candidate κ-(BEDT-TTF)2Cu2(CN)3, where close to
the Mott critical end point metallic puddles coexist with an insulating ferroelectric phase. Our results are fourfold: i)
a universal divergent-like behavior of the Grüneisen parameter upon crossing the spinodal line; ii) based on scaling
arguments, we show that within the coexistence region, for any system close to the critical point, the relaxation time
is entropy-dependent; iii) we propose the electric Grüneisen parameter ΓE , which quantifies the electrocaloric effect;
iv) we identify the metallic/insulating coexistence region as a Griffiths phase. Our findings suggest that ΓE governs the
dielectric response close to the critical point and that a Griffiths-like phase emerges in the coexistence region.
I. INTRODUCTION
Over the last few decades the Mott metal-to-insulator (MI)
transition has been investigated intensively, see, e.g., Refs. 1–3.
Indeed, the Mott MI transition constitutes the paradigm in
the field of strongly correlated electronic phenomena. The
ratio of the on-site Coulomb repulsion U to the bandwidth
W , i.e. , U/W , is the so-called Hubbard parameter1. It turns
out that U/W ∝ p−1, where p refers to the applied pres-
sure, constitutes the tuning parameter of the Mott MI transi-
tion. Much efforts have been made to understand the emer-
gence of a superconducting phase from the Mott insulat-
ing dome upon pressurising the system, as it occurs, for in-
stance, in molecular conductors and cuprates4. As can be
seen in the schematic phase diagram depicted in the main
panel of Fig. 1, upon applying pressure U/W is reduced and
a Mott transition takes place. Particular attention has been
paid to unveil the Physics on the verge of the Mott second-
order critical end point, which is marked by maxima in re-
sponse functions5–7. Recently, the phases coexistence close
to the Mott critical point of κ-(BEDT-TTF)2Cu2(CN)3 was
investigated using dielectric spectroscopy8. Upon approach-
ing the critical parameters, the quasi-static dielectric constant
ε1 is dramatically enhanced, achieving ε1 ≈ 105. Consider-
ing pressure-induced critical points, the so-called Grüneisen
parameter has been broadly employed2,3,9,10. Experimen-
tally, the insulating and metallic puddles can, respectively, be
probed by standard dielectric8 and resistance measurements13.
Here, we employ a Thermodynamics-based S= 1/2 Ising-like
model14,15 to investigate the coexistence region close to the
Mott second-order critical end point. The here proposed di-
electric Grüneisen parameter Γε enables us to describe in an
unprecedent way the dielectric response in the coexistence re-
gion in terms of the Hubbard parameter.
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FIG. 1. Main panel: schematic temperature T versus U/W ∝ p−1
phase diagram of κ-(BEDT-TTF)2Cu2(CN)3. The various phases,
coexistence region, the quantum Widom line, as well as the critical
point (yellow bullet) are indicated. F.L. refers to Fermi-liquid8. Up-
per inset: zoomed coexistence region with a cartoon of the metallic
puddles embedded in the insulating phase. The horizontal dashed
line represents the hypotheticalU/W sweep at constant temperature,
namely T/W . Picture after Refs. 11,12. Lower inset: cartoon of the
here proposed Griffiths phase, being metallic puddles (si = +1/2)
with volume vM embedded in an insulating medium (si =−1/2) with
volume vI . The dashed lines represent the interaction δε between
neighbouring metallic puddles.
II. THE MODEL
In order to describe the coexistence region close to the Mott
critical end point, we employ a compressible cell Ising-like
model14,15. We make use of the metallic volume fraction
x = 12 tanh
[
c (U/W )crit−(U/W )(T/W )crit−(T/W )
]
+ 12 , reported in Ref.
8, where
(U/W )crit = (0.20−T/W )/0.14 and (T/W )crit represent, re-
spectively, the values of U/W and T/W at the critical point,
and c is a non-universal constant. It is clear that we have to
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2analyze the various quantities as a function of x, since x can
be seen as pseudo tuning parameter. Experimentally, appli-
cation of pressure affects the U/W ratio, which in turn re-
flects in x. In our approach, we consider an insulating matrix
with volume vI , within which there is place to the emergence
of metallic bubbles upon pressurization of the system, so that
x= vM/vT , where vM and vT are the metallic and total volume,
respectively. Note that for x→ 1, vM→ vT , whereas for x→ 0,
vM → 0. Thus, vT = NMvM +NIvI , where NM and NI refers
to the number of metallic and insulating puddles, respectively.
We consider a S = 1/2 Ising-like model, so that we associate
metallic (insulating) puddles with S =+1/2 (S =−1/2), see
lower inset of Fig. 1. Yet, to account NM and NI properly, we
define NM = ∑Ni=1 2(si+ 1/2)si and NI = ∑
N
i=1 2(si− 1/2)si,
where si is the label of a single puddle and N the total number
of puddles, i.e., N = NM +NI . The total energy ET (si) can
be written taking into account the term related to the energy
δε ′ associated with each metallic puddle, being the energy ε0
associated with the insulating puddle:
ET (si) = Nε0−δε ′
N
∑
<i6= j>
[
2
(
si+
1
2
)
si
]
·
[
2
(
s j+
1
2
)
s j
]
,
(1)
where i, j label neighbouring puddles and Nδε ′ = δε . The
Gibbs free energy ∆g reads16:
∆g= [x(1− x)δε]+ kBT [x ln(x)+(1− x) ln(1− x)], (2)
where kB is Boltzmann constant and δε emulates the inter-
action between neighbouring metallic puddles. In analogy
with the Hubbard model, δε could be associated with the hop-
ping term t, so that we have for the insulating phase δε = 0,
whereas for the metallic phase δε 6= 0. As U/W is reduced,
W ∝ t ∝ δε is increased and thus metallic puddles emerge.
The first term of Eq. 2 is associated with the metallization en-
thalpy, while the second one is related to the configurational
entropy. The total entropy s of the system is the sum of the
configurational entropy scon f and the intrinsic entropy spart
within the puddles15. Hence,
s(x) = kB [−x ln(x)− (1− x) ln(1− x)]+ 12kB×{
ln
[
vMvIh−6
(2pimkBT )−3
]
+(2x−1) ln
(
vM
vI
)}
, (3)
where m is the mass of the set of particles confined in the pud-
dle and h is Planck’s constant. From Eq. 3, it is straightfor-
ward to derive the observables of interest. Using Maxwell-
relations5, pT =
(
∂ s
∂vM
)
N,E
, we obtain unprecedentedly the
equation of state for the coexistence region:
p(T,x) = kBT{v−1T ln(1− x)− v−1T ln(x)+
1
2
×
×[−(vT x)−1(2x−1)(vT − vT x)A+
+(vT −2vT x)(vT x(vT − vT x))−1−
−2(vT )−1 ln[(1− x)−1]]} (4)
where A= [vT x/(vT − vT x)2 +1/(vT − vT x)]. The Grüneisen
parameter can be obtained using the relation Γ= 1VmT
(
∂T
∂ p
)
s
9,
where Vm is the molar volume, which in turn enables us to
determine Γε .
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FIG. 2. a) The Gibbs free energy ∆g versus x for different inter-
action energy δε values. The bullets indicate the various minima16.
b) Isothermal compressibility κT (green line) and entropy S (orange
color line) versus x. The vertical dashed line is centered at x= 0.5.
III. RESULTS AND DISCUSSION
Figure 2 a) depicts the free energy ∆g versus the metallic
volume fraction x. Note that in the absence of interaction (δε
= 0) between metallic puddles a single minimum centered in
x = 0.5 is observed. Upon increasing δε , two symmetric min-
ima shows up close to the single phase boundaries. As can
be seen in Fig.2 b), for NM = NI , i.e., x = 0.5, the entropy is
maximized and the system becomes more compressible. Note
that κT is non-singular, since the system is close to the crit-
ical point. Making use of the Hubbard parameter obtained
via optical measurements, reported in Ref. 17, we compute Γε
for κ-(BEDT-TTF)2Cu2(CN)3, as depicted in Fig. 3 a). Fol-
lowing discussions made in Ref. 8, in the coexistence region,
upon application of pressure, ε1 increases until the metallic
fraction becomes higher than the insulating one. Upon further
increasing pressure, a sign change is observed and ε1 assumes
negative absolute values. Such a peculiar behavior is also ob-
served in Γε . Furthermore, Γε follows the same behaviour as
ε1 as a function of U/W obtained via DMFT simulations in
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FIG. 3. a) Main panel: the red line (left and lower axis) is the
dielectric Grüneisen parameter Γε as a function of U/W for κ-
(BEDT-TTF)2Cu2(CN)3 at T = 5K along the crystallographic c-
axis, cf. label. We have used W = (3.8221× 10−21) J17. White cir-
cles (upper and right axis) refers to experimental data, namely the
temperature derivative of the dielectric constant ε1 versus pressure p
at T = 20 K, data set taken from Ref. 23. The solid line is guide for
the eyes. Inset: dielectric constant ε1 versusU/W , obtained from dy-
namical mean-field theory, data taken from Ref. 17. b) Main panel:
Grüneisen parameter γ as a function of U/W . γ versus U/W was
obtained using v0 = (2.4164317× 10−8)m3, q = 9.148786× 10−9,
U/W0 = 0.89,C= 77.37, τ =(0.2×10−5)s, and τ0 =(2.5×10−8)s.
Inset: the relaxation time τ versus metallic volume fraction x.
Ref. 8, cf. inset of Fig. 3a). As can be seen in Fig. 3 a), in the
limitU/W → (U/W )crit , i.e., x= 0.5, Γε→ 0. In other words,
Γε is dramatically enhanced near U/W values correspond-
ing to the coexistence region between insulating and metallic
phases. Note that for any system where x and the microscopic
parameters are known, the behavior of ε1 can be predicted via
Γε . This is one of the key results of this work. Having in
mind that the response functions are maximized around x =
0.5, the coexistence region of the Mott transition can be in-
terpreted in the frame of a spinodal decomposition16,18, i.e.,
the emergence of the metallic puddles upon applying pressure
can be understood similarly to a nucleation process. Recent
13C nuclear magnetic resonance measurements on x-ray irra-
diated charge-transfer salts detected the presence of extremely
slow electronic fluctuations in the phase boundary of the Mott
transition, which were recognized by the authors as a Griffiths
phase19. The slow dynamics of electronic excitations inherent
to the coexistence region is also captured in our approach and
will be discussed into more details below. Before doing so, we
recall that the magneto-caloric effect is quantified by the mag-
netic Grüneisen parameter20. Analogously, we propose here
the electric Grüneisen parameter ΓE , which in turn quantifies
the electrocaloric effect21:
ΓE =
(
− ∂P∂T
)
E
cE
, (5)
where cE and P refer, respectively, to the specific heat at
constant electric field E and the electric polarization. The
electric polarization is given by P = ε0χE, where ε0 is the
vacuum permittivity, χ is the electric susceptibility22. Using
χ = [(ε/ε0)−1] we have P= (ε− ε0)E, so that we can write(
∂P
∂T
)
E
= E
(
∂ε
∂T
)
E
and thus ΓE = EcE
(
− ∂ε∂T
)
E
. Hence, it be-
comes evident that an enhancement of
(
∂ε
∂T
)
E
implies that ΓE
is also increased upon approaching the spinodal line. Note
that ΓE mirrors the behavior of ε when transiting in the coex-
istence region23. For relaxor-type ferroelectrics, application
of external pressure can dramatically alter the dielectric prop-
erties of the system. More specifically, the system becomes
less polarizable upon pressurising it due to the increasing of
the Coulomb repulsion, i.e., the entropy is enhanced and so
does the strength of the applied electric field required to po-
larize the system. Following such arguments, we infer that, in
this physical scenario, the dielectric relaxation time τ also in-
creases upon pressurising the system. This means that in the
coexistence region, close to the critical point, τ depends on
the entropy. It has been proposed that for any system with
entropy-dependent τ , the volume v scaling exponent is the
Grüneisen parameter γ itself (we make use of γ to refer to
the Grüneisen parameter obtained from scaling arguments)24,
namely τ(T,v,γ) = τ0exp
( C
Tvγ
)
, where τ0 is a typical time
scale of an a.c. response at high-temperatures and C is a non-
universal constant. It becomes then clear that the volume dic-
tates the T and p dependence of τ . It is thus straightforward to
write γ(T,v,τ) =
log
[
C
T log(τ/τ0)
]
log(v) . In the tight-binding approxi-
mationW (v) =W0exp
[
−q
(
v−v0
v0
)]
, where v0 andW0 are, re-
spectively, the volume and bandwidth at ambient pressure and
q is the volume dependence of the overlap integral25. Thus,
we can write γ , as follows:
γ[τ,(U/W ),T ] =
log
[
C
T log(τ/τ0)
]
log
[
v0+
q(log(U/W0)+log(U/W ))
v0
] . (6)
Hence, following scaling arguments24, our analysis suggests
that in the proximity of any finite-T critical end point τ is en-
tropy dependent. Thus, τ can be identified as the Grüneisen
parameter itself. Note that for x = 0.5, both γ and Γε are
zero [Fig. 3a)] making thus τ to be maximized, cf. Fig. 3b).
Indeed, it turns out that upon approaching the spinodal line,
4namely close to x = 0.5, τ is significantly enhanced, slow-
ing down the dynamics of the electronic fluctuations which
are detected experimentally via low-frequency dielectric re-
sponse measurements26. This is in perfect agreement with
the quasi-static dielectric constant experiments under pressure
for various frequencies reported in Ref. 8, where the maxi-
mum dielectric response for κ-(BEDT-TTF)2Cu2(CN)3 is ob-
served at low-frequencies for pressure values close to the
critical one. Making use of literature values for the various
parameters8,25,26, the behavior of γ as a function of x can be
analyzed, cf. shown in the main panel of Fig. 3 b). It turns
out that γ also presents a divergent-like behavior near the crit-
ical values of U/W in a similar way of Γε , in agreement
with the scaling proposal24. Such findings support the exis-
tence of entropy-dependent relaxation process. Also, τ → ∞
for x = 0.5, indicating thus that the system lies in a slow
dynamics regime, corroborating the spinodal decomposition
analysis16. Note that Γε is only valid within the coexistence
region, while the relation between γ and τ is universal24. By
employing Γε , ΓE and γ , the dielectric properties of relaxor-
type ferroelectrics under pressure/doping can not only be de-
scribed, but also predicted close to critical points. Further-
more, considering that Γ = − 1TVm
(
∂S
∂ p
)
T
( ∂S∂T )p
, our findings sug-
gest that in the vicinity of any critical point, τ is entropy-
dependent. Indeed, the singularities in both Γε and γ close
to the critical values of U/W are directly associated with the
dielectric results reported in Ref. 8 and also with an entropy
enhancement in that region. A pronounced electrocaloric ef-
fect should be expected under such conditions21. The re-
sults discussed so far are key in understanding the enhance-
ment of Γε in the immediate vicinity of the critical end point
due to the phases coexistence. When dealing with a polar-
izable medium, the charges tend to be screened by opposite
sign charges in a way that the total charge is reduced and,
as a consequence, the Coulomb potential is reduced as well.
By analyzing the behavior of ε1 reported in Ref. 8 it is ob-
served that upon pressurization U/W is reduced, the system
becomes mainly metallic and ε1 is drastically reduced. Thus,
as a consequence of the lowering of ε1, the distance between
charges must also be reduced. Such a lowering of the dis-
tance between charges must increase screening effects in or-
der to weaken the Coulomb repulsion. As a consequence, the
electronic isothermal compressibility27,28, κT = − 1v
(
dv
dp
)
T
,
is enhanced for (U/W ) = (U/W )crit , cf. Fig. 2 b). Next, we
discuss the realization of a Griffiths phase close to the spin-
odal line. Given the intrinsic spatial disorder and randomness
inherent to the coexistence region due to the competition be-
tween metallic and insulating phases, we make an association
with a Griffiths-like phase29–32. Hence, we identify the so-
called rare regions with the metallic and insulating close to the
critical point, cf. lower inset of Fig. 1. The analogy between
the canonical Griffiths phase29 and the Mott coexistence re-
gion lies in the fact that when crossing the spinodal line (x =
0.5) polarized puddles coexist with a non-polarized metallic
matrix or vice-versa, in the same way as ferromagnetic clus-
ters are immersed in a non-magnetic medium in the classical
Griffiths phase. Considering the critical fluctuations, we are
dealing with dynamic rare region effects31. In this case, fol-
lowing discussions made in Ref. 31, the puddles (rare region)
autocorrelation function CRR(t), reads:
CRR(t)∼
∫ ∞
0
dLRRw(LRR)exp[−t/τ(LRR,r0)], (7)
where w(LRR) refers to the probability of finding a puddle of
size LRR and τ(LRR,r0) is the relaxation time of the consid-
ered puddle in a reduced temperature r0. Interestingly, Eq. 7
embodies the key parameters associated with the coexistence
region close to the Mott transition. It turns out that τ(LRR,r0)
follows a similar behavior as the relaxation time proposed in
Ref. 24. Application of pressure affects the size and dynamics
of the rare regions (puddles). The interplay between metallic
and insulating coexisting phase is governed by x, which is dic-
tated by the Hubbard parameter. It is well-established in the
literature that the presence of disorder gives rise to broadening
effects in the response function. In the present case, because
of the spatial randomness of the metallic/insulating puddles it
is tempting to state that the Mott transition would be continu-
ous and thus of a second-order character33,34, as reported for
another molecular conductor35. The phases coexistence re-
gion close to the spinodal line of any system might be treated
as a region comprising two distinct fluids, so that upon cross-
ing the spinodal line we could assign the transition as a liquid-
liquid-type transition18. Given the slow dynamics intrinsic to
the coexistence region8,36, our findings are suggestive of a di-
verging effective mass upon approaching the critical Hubbard
parameter33.
IV. CONCLUSION
Our analysis of the phases coexistence region, based on
a compressed cell S = 1/2 Ising-like model, is universal.
The here proposed electric Grüneisen parameter quantifies
the electrocaloric effect. Using scaling arguments, we have
shown that close to any critical point the relaxation time is
entropy-dependent. This feature might be relevant in the op-
timization of caloric effects close to critical points21. The co-
existence region of the Mott transition can be identified as a
Griffiths-like phase. Our findings suggest that a Griffiths-like
phase can emerge in any system within a coexistence region
presenting both slow dynamics and randomness37–39.
SUPPLEMENTARY MATERIAL
ABOUT THE FUNCTION USED IN THE DESCRIPTION
OF THE METALLIC VOLUME FRACTION x
In the main text, in order to calculate the physical quan-
tities of interest, more specifically the proposed dielectric
Grüneisen parameter Γε , we have employed the mathemati-
cal function x used to describe the metallic volume fraction,
cf. reported in Ref.8. Essentially, the use of the function x
enables us to link Γε with the Hubbard parameter, cf. Eq. 10.
5Here, we provide additional information related to such math-
ematical expression, employed in our calculations. For the
sake of completeness, first we recall the probability distribu-
tion function Pn(z)40, namely:
Pn(z) =
1
2
+
1
pi
arctan(nz), (8)
where n is an integer number and z ∈ ℜ. The latter can
be associated with a physical quantity (tuning parameter)
of interest41 and Pn to the observable. Equation 8 is also
known as the Cauchy distribution42, being at some extent
comparable to the hyperbolic trigonometric function x = 12 +
1
2 tanh
[
c (U/W )crit−(U/W )(T/W )crit−(T/W )
]
, proposed by the authors of Ref.8 in
the description of the metallic volume fraction, cf. discussed
in the main text. It is clear, however, that their asymptotic
behaviors are quite distinct from each other. Note that when
z→ 0⇒ Pn → 1/2 and, when z→ ∞⇒ Pn → 1. Similarly,
when (U/W )→ (U/W )crit ⇒ x→ 1/2 (proximity to the spin-
odal line) and, for (T/W )→ (T/W )crit ⇒ x→ 1 (proximity
to the critical end point). Thus, as already discussed in the
main text, x can be interpreted as a pseudo tuning (Hubbard)
parameter3,43 within the coexistence region. Interestingly, an
analogous situation is encountered in the case of the magne-
tization M for the Brillouin-like paramagnet44. Considering
spin J = 1/2 and the gyromagnetic factor g = 2, M for the
Brillouin paramagnet follows the well-known mathematical
function M(B,T ) =Ms tanh(µBB/kBT ), where Ms is the sat-
uration magnetization, µB is the Bohr magneton and B the
applied magnetic field, so that, for a fixed value of T , when
B→ ±∞ the magnetization ratio M/Ms → ±1. Note that a
direct analogy between M and x can be made, since upon ap-
plication of a magnetic field the spins orientation (from up to
down or vice versa) is changed analogously to the behavior of
x dictating the change of regime from Mott-insulator to metal
upon pressurizing the system.
CALCULATION OF THE DIELECTRIC GRÜNEISEN
PARAMETER Γε
In order to calculate Γε using Eq. 4 of the main manuscript,
we recall the well-known relation employed for the calcula-
tion of the thermodynamic Grüneisen parameter Γ 9:
Γ=
1
VmT
(
∂T
∂ p
)
s
.
Thus, using Eq. 4 of the main manuscript, Γε can be computed
as follows:
Γε =
1
VmT
(
∂T
∂ p
)
s
=
1
VmT
(
∂ p
∂T
)
s
−1
, (9)
resulting thus in a clean expression for Γε , which depends on
the metallic volume fraction x:
Γε(x) =− 1kBT [(kBT − (T/W )critW )cosh
2(B)(−1+ (10)
+ tanh2(B))2]{[(kBT − (T/W )critW ) ln[1− tanh(B)]+(kB×
×T − (T/W )critW ) ln
[
1− tanh(B)
1+ tanh(B)
]
+(−kB+(T/W )crit×
×W ) ln[1+ tanh(B)]]sech2(B)+ [−4kBT +4(T/W )critW ]×
× tanh(B)+ kBTB[4+4sech2(B)]+4tanh2(B)
}−1
,
where B = tanh−1(1− 2x). It is worth mentioning that the
employed value of W = (3.8221 × 10−21) J was obtained by
tracing the W versus T data set from panel b of Figure S9
of the Supplementary Material of Ref.17 and converted from
cm−1 to J. We have considered only the value of W at T =
5 K. Also, we have intentionally used an increased number of
digits to expand the precision of W based on the previous ar-
gument that a tiny variation of pressure implies in a significant
change of U/W , making the dielectric Grüneisen parameter
very susceptible to subtle changes of the Hubbard parameter
in the coexistence region, as shown in Fig-3 a) of the main
text.
THE DIELECTRIC RESPONSE UPON PRESSURIZATION
As discussed in the main text, the dielectric constant is af-
fected upon pressurization due to screening effects, making
thus that the electric field strength required to polarize the sys-
tem to be increased. The dielectric constant can be analyzed
microscopically in terms of the distance r between charges
using a sigmoidal dielectric function45, namely:
ε(r) ∝
εm+D0
1+ ke−κ(εm+D0)r
, (11)
where εm is the dielectric constant of the medium, D0 and k are
non-universal constants, and κ is the screening parameter, i.e.,
the inverse of the Debye length. Upon reducing the distance r
between charges, i.e., upon pressurizing the system, the di-
electric constant is also decreased. As a consequence, the
temperature derivative of the dielectric constant −(∂ε/∂T )E
is changed, cf. shown in the main panel of Fig. 3 a), as well
as in panel (f) of Fig. 3 of Ref.23. Thus, upon pressurization
−(∂ε/∂T )E varies, Γε follows its variation and sign change
since Γε ∝−(∂ε/∂T )E , as discussed in the main text. Hence,
Eq. 11 enables us to interpret the effects of pressurization in
a microscopic view. However, it is clear that Eq. 11 does not
capture the intrinsic features associated with the dielectric re-
sponse upon crossing the spinodal line, since it does not in-
corporate the metallic volume fraction x. In other words, the
dielectric response within the coexistence is catched solely by
Γε .
6THE INTRINSIC SLOW-DYNAMICS IN THE GRIFFITHS
PHASE
Following discussions in the main text, one of the key fea-
tures of the Griffiths phase is related to its intrinsic slow-
dynamics. The relaxation time τ(LRR,r0) within the Griffiths
phase is proposed to be:
τ(LRR,r0)∼ τ0 exp
[
σ
LRR1−d
]
, (12)
where σ is the surface tension and d the dimensionality31.
In the present case, the physical meaning of the autocorrela-
tion function [Eq. (7) of the main text] lies on quantifying the
dynamic properties of the metallic puddles (embedded in the
insulating matrix) over time t. Note that a lower time decay
of the autocorrelation function means a slow-dynamics and
vice-versa31. When large values of t are considered, the au-
tocorrelation function integral can be calculated leading to a
very slow time-dependence lnCRR(t) ∼ −(ln t)d/d−1 31, i.e.,
CRR decays very slowly over time and thus meaning that the
system lies on a slow-dynamics regime, which differs from
a fast exponential decay of the autocorrelation function out-
side the Griffiths phase (fast dynamics)31. Hence, dynamic
effects within the Griffiths phase are intrinsically slow. In-
deed, the establishment of a slow-dynamics regime upon ap-
proaching the spinodal line is corroborated by experimental
observations8,26,36. This is particularly true based on the re-
sults reported in Fig. 1 of Ref.8, where the maximum dielec-
tric response for pressure values close to the critical pressure
lies on low-frequencies (in the range of∼kHz), indicating that
the system is found in a slow-dynamic regime. Also, it is
worth emphasizing that such slow-dynamics close to the spin-
odal line of the Mott transition was probed experimentally for
the canonical Mott-insulator vanadium sesquioxide through
low-frequency resistance-noise spectroscopy36, strengthening
our arguments regarding a slow-dynamic regime in that re-
gion. Furthermore, as discussed in the main text, the intrinsic
slow-dynamics when crossing the spinodal line cannot only
be associated with a Griffiths-like phase, but also it can be
interpreted as a liquid-liquid-type transition. Yet, it is tempt-
ing to say that the supercooled phase of water14, where high-
and low-density liquid phases coexist, could be recognized as
a Griffiths-like phase as well. In a broader context, our ap-
proach is likely to be applied for the liquid-like protein com-
partmentalization in mammalian cells46,47, where a similar
analysis can be carried out to unveil how the free energy and
entropy of the system behave in the frame of a liquid-liquid
type transition. The Grüneisen parameter for mixing phases,
here named dielectric Grüneisen parameter, can also be com-
puted in a similar way in order to unveil the critical conditions
affecting such compartmentalization process in the cell.
ACKNOWLEDGMENTS
We acknowledge financial support from the São Paulo Re-
search Foundation – Fapesp (Grants 2011/22050-4); National
Council of Technological and Scientific Development – CNPq
(Grants 302498/2017-6 and 305668/2018-8); Capes - Finance
Code 001 (Ph.D. fellowship of L.S. and I.F.M.).
IFM and LS contributed equally to this work.
DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
REFERENCES
1M. Imada, A. Fujimori, Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998).
2L. Bartosch, M. de Souza, M. Lang, Phys. Rev. Lett. 104, 245701 (2010).
3M. de Souza, L. Bartosch, J. Phys.: Condens. Matter 27, 053203 (2015).
4E. Dagotto, Science 309, 257 (2005).
5H. Eugene Stanley, Introduction to Phases Transitions and Critical Phenom-
ena, Oxford Science Publications, New York (1971).
6M. de Souza et al., Phys. Rev. Lett. 99, 037003 (2007).
7D. Fournier, M. Poirier, M. Castonguay, K.D. Truong, Phys. Rev. Lett. 90,
127002 (2003).
8R. Rösslhuber et al., arXiv:1911.12273v1 (2019).
9M. de Souza et al., Europ. J. Phys. 37, 055105 (2016).
10L. Zhu, M. Garst, A. Rosch, Q. Si, Phys. Rev. Lett. 91, 066404 (2003).
11J. Vuc˘ic˘evic´ et al., Phys. Rev. B 88, 075143 (2013).
12J. Vuc˘ic˘evic´ et al., Phys. Rev. Lett. 114, 246402 (2015).
13T. Furukawa et al., Nat. Phys. 11, 221 (2015).
14G. Gomes, H.E. Stanley, M. de Souza, Sci. Rep. 9, 12006 (2019).
15C.A. Cerdeiriña et al., J. Chem. Phys. 150, 244509 (2019).
16E.P. Favvas, A.Ch. Mitropoulos, J. Eng. Sci. Technol. Rev. 1, 25 (2008).
17A. Pustogow et al., Nat. Mat. 17, 773 (2018).
18Pablo G. Debenedetti, Metastable Liquids: Concepts and Principles,
Princeton University Press, Princeton (1996).
19R. Yamamoto et al., Phys. Rev. Lett. 124, 046404 (2020).
20G. Gomes et al., Phys. Rev. B 100, 054446 (2019).
21L. Squillante, I.F. Mello, G. Gomes, A.C. Seridonio, M. de Souza,
arXiv:2003.13060v1 (2020).
22N.W. Ashcroft, N.D. Mermim, Solid State Physics, Brooks Cole (1976).
23A. Pustogow et al., arXiv:1907.04437v2 (2019).
24R. Casalini, C.M. Roland, Phys. Rev. E 69, 062501 (2004).
25M. Cyrot, P. Lacour-Gayet, Solid State Commun. 11, 1767 (1972).
26M. Abdel-Jawad et al., Phys. Rev. B 82, 125119 (2010).
27G. Kotliar, S. Murthy, M.J. Rozenberg, Phys. Rev. Lett. 89, 046401 (2002).
28S.R. Hassan, A. Georges, H.R. Krishnamurthy, Phys. Rev. Lett. 94, 036402
(2005).
29Robert B. Griffiths, Phys. Rev. Lett. 23, 17 (1969).
30T. Vojta, Man Young Lee, Phys. Rev. Lett. 96, 035701 (2006).
31T. Vojta, J. Phys. A: Math. Gen. 39, R143 (2006).
32C. Magen et al., Phys. Rev. Lett. 96, 167201 (2006).
33T. Senthil, Phys. Rev. B 78, 045109 (2008).
34R.V. Mishmash et al., Phys. Rev. B 91, 235140 (2015).
35T. Itou et al., Sci. Adv. 3, e1601594 (2017).
36S. Kundu et al., Phys. Rev. Lett. 124, 095703 (2020).
37K. Ghosh et al., Sci. Rep. 5, 15801 (2015).
38E. Dagotto, T. Hotta, A. Moreo, Phys. Reports 344, 1 (2001).
39M. Blume, V.J. Emery, R.B. Griffiths, Phys. Rev. A 4, 1071 (1971).
40Lecture Notes of Prof. Aguinaldo P. Ricieri, Curso Prandiano, Anglo
Tamandaré - São Paulo (1996).
41Isys F. Mello, Lucas Squillante, Antonio C. Seridonio, Mariano de Souza,
Describing the Probability of Infection by Covid-19 using Percolation The-
ory, submitted (2020).
42J. Morio and M. Balesdent, Estimation of Rare Event Probabilities in Com-
plex Aerospace and Other Systems: A Practical Approach, Woodhead Pub-
lishing, Cambridge (2016).
43M. de Souza and J. P. Pouget, J. Phys.: Cond. Matt. 25, 343201 (2013).
744S. Blundell, Magnetism in Condensed Matter, Oxford University Press,
New York, 2001.
45T. Schlick, Molecular Modeling and Simulation: An Interdisciplinary
Guide - 2nd edition, Springer, New York, (2010).
46A. Klosin, F. Oltsch, T. Harmon, A. Honigmann, F. Jülicher, A. A. Hyman,
and C. Zechner, Science 367, 464 (2020).
47J. A. Riback and C. P. Brangwynne, Science 367, 364 (2020).
